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Passive Unitized Regenerative Fuel Cell (PUReFC) for Energy
Storage Applications
ABSTRACT
Passive Unitized Regenerative Fuel Cell (PUReFC) prototypes were designed,
fabricated, and tested as new energy storage devices capable of meeting demands in offgrid applications. Although flooded lead-acid batteries are typically used to provide low
cost energy storage, improper disposal infrastructure and lack of education on battery
maintenance can lead to serious health concerns. A Passive Unitized Regenerative Fuel
Cell can generate energy in a sustainable manner and possesses the ability to run in
reverse, providing energy storage capability.
As Proton Exchange Membrane (PEM) fuel cells rely on effective internal water
transport to provide stable operation, an energy efficient flood mitigation strategy is
crucial to enhance performance of PUReFCs. The Passive Unitized Regenerative Fuel
Cell eliminates the introduction of parasitic losses from active management methods by
leveraging the capillarity of porous polymer wicking structures to passively remove
excess water. The water management concept features two connected porous domains
consisting of a methacrylate-based polymer and a polyvinyl alcohol storage element, each
with different pore sizes to induce capillary flow. In the first prototype, large water
transport lengths (~12 mm) prevented adequate removal of generated water during
sustained operation; the capillary pressure drop across the two porous domains was
insufficient to match the water production rate. The improved design produces a shorter
transport length (~3 mm) by implementing a new vertical layout.
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As a part of this thesis, the techniques applied to manufacture the new passive
management layout are discussed. In the presented manufacturing methodology, a moldin approach was selected in which a photoresist mold was created prior to fabrication of
the porous polymers. To supplement this development, gaining an improved
understanding of water transport mechanics was also an area of focus.
With the current prototype, the porous polymers were successfully fabricated
within the fuel cell. However, repeated testing of the fuel cell system revealed difficulties
in establishing performance as expected. As a part of the future scope of work, the fuel
cell prototype will have to be studied to determine the root cause effects of unpredicted
performance.
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1
1.1

Introduction
Background & Motivation
Recent trends have shown that population growth and rapid industrial expansion

are primary factors that have contributed to increasing energy demand on a global scale.
The United States Energy Information Administration (US EIA) forecasts that the
worldwide energy demand will rise over 40% by 2040—largely caused by non-members
of the Organization for Economic Cooperation and Development (OECD) [1].

Figure 2. Nations in the Organization for
Economic Cooperation and Development
(OECD).

Figure 1. Projections for world energy
consumption reported by United States
Energy Information Administration (US
EIA) [1].

At present, fossil fuels including coal, oil, and natural gas are used predominantly
to generate needed power accounting for at least 50% of total worldwide energy
production [1]. Although fossil fuel sources bring cost benefits regarding practical utilityscale power production, they contribute to pollution of Earth’s atmosphere via
greenhouse gas emissions. The United States Environmental Protection Agency (US
EPA) and other global energy agencies predict that continued reliance on fossil fuels will
gravely affect global climate conditions. Environmental impact concerns have triggered a
sense of urgency regarding research and development of sustainable energy technologies.
The predicted rise in global energy demand is largely a result of population
growth in remote regions of the world. Providing electricity for the 1.3 billion estimated
1

people without access, will be crucial to meet the rise in global energy demand [2]. As
such, renewable energy systems offer the flexibility to provide power in regions without
grid access. Non-governmental organizations (NGOs) and regional governments have
been turning towards sustainable off-grid energy systems to electrify small rural
communities worldwide.
Sustainable energy sources, e.g. solar or wind, inherently bring varying degrees of
intermittency with them—cloud cover can limit photovoltaic output, just as low wind
speeds can limit the turbine efficiency of those designed for higher wind speeds. To
counteract irregularity, energy storage devices, including deep-cycle batteries, flywheels,
or gas compression systems are coupled with renewable energy sources to balance loads
for full time operation. Typically, flooded lead-acid deep-cycle batteries provide energy
storage for photovoltaic or wind turbine systems. However, utilizing batteries comes at
the cost of additional environmental and health issues.
Regenerative proton exchange membrane (PEM) fuel cell systems can fill the
same energy storage role without the harmful environmental impact [3]. Regenerative
fuel cell systems offer excellent energy storage characteristics including high gravimetric
power density (up to 1000 W•kg-1) and scalability [4], [5]. Fuel cells are also highly
reliable, requiring limited maintenance due to minimization of moving parts [4]. PEM
fuel cells work by combining hydrogen and oxygen to produce water, heat, and
electricity. As a cell operates, flooding occurs if an abundance of water is present
effectively inhibiting gas delivery. In contrast, removing excessive water leads to
membrane dry-out and subsequent performance degradation. Regenerative fuel cells have
the added ability to run in reverse, during which electricity is used to electrolyze water
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into hydrogen and oxygen. The system accomplishes energy storage by converting
electrical energy into chemical energy (hydrogen and oxygen as fuels) and provides
power by converting the chemical energy stored in fuels into electrical energy.
Despite the cost advantage and round-trip efficiency improvement provided by
flooded lead-acid batteries, they require frequent maintenance (monthly), present highly
operationally-dependent lifetimes (1-10 years), have poor gravimetric energy densities
(108-144 kJ•kg-1), and are composed of environmentally hazardous materials which can
lead to severe health issues [6]. Lead and other heavy metals can directly infiltrate
groundwater and topsoil in the case of improper hazardous waste disposal, directly
affecting health quality. Truthfully, many regions of the world lack the distributed
infrastructure needed to safely dispose of batteries. The issues caused by missing
infrastructure are exacerbated by a lack of basic education on safe and correct battery
maintenance practices, resulting in shorter battery life, and consequently, increased
frequency of battery disposal. It is clear that there is a need to develop a more
environmentally compatible technology for these applications.
Implementation of efficient fuel cell systems rests on developing balance-of-plant
components that reduce parasitic losses, of which water management devices typically
consume the most energy [7]. In larger fuel cell systems reactant delivery (high flow rate
or high pressure operation), reactant humidification, and fuel cell stack cooling can
contribute parasitic losses [4, 5]. In response to this issue, the present work aims to
produce working PEM fuel cell prototypes that passively manage generated water to
reduce parasitic losses. At present, the round-trip efficiency of regenerative PEM cell
systems (30-50%) is significantly lower than lead-acid battery systems (75-80%) [6]. The
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trade-off in round-trip efficiency is countered by elimination of hazardous materials,
improved lifetime, and reduction in maintenance requirements—all of which are highly
desirable characteristics for low power energy storage in remote regions of the world.
This thesis focuses on the development of a reversible fuel cell with passive water
management. This water management scheme aims to implement a novel wicking
method with integrated small pore layers and a water storage system. In this work,
detailed design of gas delivery architecture and supporting components, component and
porous wick fabrication, and experimental characterization of Passive Unitized
Regenerative Fuel Cell (PUReFC) prototypes are conducted. The PUReFC prototypes
combine both the fuel cell and electrolyzer into one simplified assembly (i.e. Unitized)
and incorporate wicking structures to manage internal water content (i.e. Passive). A
previous investigation has shown successful integration of Unitized Regenerative Fuel
Cell (UReFC) systems with photovoltaic energy generation, providing an alternate
energy storage architecture [10]. By eliminating or reducing reliance on balance of plant
systems and using optimized control algorithms, anticipated round-trip efficiency is 60%.
1.2

Proton Exchange Membrane Fuel Cell Electrochemistry
Built on the work of Luigi Galvani, it was Alessandro Volta’s invention of the

first battery in 1800 that sparked the study of electrochemistry. By physically separating
two dissimilar conductive electrodes with an electrolyte barrier, the transfer of electrons
during chemical reactions could be manipulated to produce a useful current. Building off
electrochemical principles developed in the years following Volta’s discovery, Wilhelm
Ostwald proposed further investigation of fuel cells in 1894—the idea: directly convert
the chemical energy of natural fuels (in place of electrodes) into electrical energy.
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Ostwald’s theories, relying solely on thermodynamics and lacking inclusion of reaction
kinetics, revealed great difficulties in direct electrochemical oxidation of natural fuels. It
was not until Sir Francis Thomas Bacon developed a 5 kW hydrogen-oxygen fuel battery
in 1960 that fuel cell research gained significant traction [11].
Proton exchange membrane (PEM) fuel cells make use of hydrogen and oxygen
gases as reactants. At the core of its operation, a proton exchange membrane (PEM) fuel
cell converts chemical energy to electrical energy by taking advantage of electron
transport during the hydrogen combustion reaction:
2H2 + O2 → 2H2 O + 286 kJ•mol -1 !!!!!!!!!(100#kPa,#273#K)

(1)

When collision energy between hydrogen (H2) and oxygen (O2) molecules increases
beyond an equilibrium threshold, picosecond-scale interactions result in covalent bond
destruction and formation. Specifically, hydrogen-hydrogen and oxygen-oxygen bonds
are broken to form the lower energy bond configuration of water. The formation of the
new hydrogen-oxygen bonds is tied to the transfer of electrons. Initially, hydrogen
ionizes to produce protons and electrons after which electrons move from high-energy
bonds in reactants (H2, O2) to the favorable low-energy bonds of product water (H2O).
The energy deficit between final and initial states is released as heat during the reaction
in standard combustion.
During hydrogen combustion, electron transfer between hydrogen and oxygen
occurs on an extremely short time and length scale. PEM fuel cells function by delaying
completion of the hydrogen combustion reaction; they leverage control over the electron
transport length to produce a useful electrical current. PEM cells do so by introducing a
solid electrolyte barrier, with electrodes on opposite sides, that provides both spatial
5

separation between reactants and electrical isolation between electrodes. This
arrangement forces electrons to pass through an external circuit, powering a load. For a
fuel cell at 273 K and 100 kPa, the maximum achievable voltage potential is 1.23 V. The
solid electrolyte functions to divide the hydrogen combustion reaction into two
electrochemical half-cell reactions:
H2 → 2H!+ + 2e-

(2)

O2 + 4H!+ + 4e- → H2 O

(3)

As the fuel cell system is pressurized, bulk transport through gas distribution
components drives hydrogen and oxygen towards their respective porous electrodes.
Concentration and voltage gradients drive proton transport through the ionically
conductive electrolyte barrier, while electrons are driven by the voltage potential through
an external load. The protons and electrons then reduce oxygen in the cathode, producing
water and heat. Since electron transfer is integrally tied to the operation of PEM fuel
cells, the current produced by the electrochemical reactions directly relates to the rate of
reaction. Hence, the operating current of PEM fuel cells scales linearly with reaction area.
1.2.1

Fuel Cell Thermodynamics
At standard temperature and pressure (STP, 100 kPa, 273 K), complete reversible

combustion releases 286 kJ•mol-1 of thermal energy (per the molar enthalpy of reaction,
higher heating value1). By solely utilizing the chemical energy stored in fuels to provide
electrical work, the molar Gibbs free energy (ĝ) dictates that liquid water producing PEM
fuel cells provide Δĝ0 = -237 kJ•mol-1 at STP. This Gibbs free energy change does not

1

The higher heating value indicates the maximum possible chemical energy available for conversion.
Using the lower heating value would indicate water vapor formation, and lack recovery of the latent heat.
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factor in irreversibilities that present during fuel cell operation. Thus, the chemical
potential dictated by the Gibbs free energy to a maximum possible reversible
thermodynamic efficiency of 83% compared to the higher heating value at STP. In an
ideal cell all available chemical energy would be converted into electrical work. For this
case, reversible potential is defined as:
E0 = -

Δĝ0
nF

(4)

where n represents the number of moles of electrons transferred, F represents Faraday’s
constant, and Δĝ0 is the molar Gibbs free energy change associated with the PEM
reaction at STP (1).
In reality, the reversible potential of a fuel cell varies with temperature and
reactant concentration. Due to its relationship with enthalpy and entropy, Gibbs free
energy is subject to change with deviation from STP; molar enthalpy (ĥ) is a function of
temperature alone and molar entropy (ŝ) is a function of both temperature and pressure. A
modified Nernst equation is used to define the reversible potential (E) change with
temperature and concentration variation:
ν

∏ api
Δŝ
RT
E = E0 +
(T-T0 ) ln
ν
nF
nF
∏ ar i

(5)

where E0 represents reversible potential at standard temperature and pressure (100 kPa,
273 K), Δŝ represents change in molar entropy associated with the PEM reaction
(assumed independent of temperature), n the number of moles of electrons transferred, F
as Faraday’s constant, T as cell temperature, T0 as standard temperature, R̅ as universal
gas constant, a as chemical activity, and ν as stoichiometric coefficients. Subscripts p, r,
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and i represent products, reactants, and component index respectively. For ideal gases,
chemical activity is equivalent to the partial pressure (P).
1.3

Energy Production (Discharge)
Fuel cells operate by direct conversion of chemical energy into electrical work.

During the discharge process, two electrochemical half-cell reactions take place on
opposite sides of an electrolyte barrier—with hydrogen oxidation reactions at the anode
(H2 side) and oxygen reduction reactions at the cathode (O2 side):

Figure 3. Schematic of fuel cell discharge operation with electrochemical half-cell reactions. A porouscatalyst coated membrane is sandwiched in between gas distribution plates to spatially separate reactants
and provide ion conductivity. In (a), hydrogen oxidizes into protons and electrons. The protons transport
across the membrane and electrons transfer through an external electrical load (b). Electrons and protons
eventually reduce oxygen, forming product water (c) [12].

Hydrogen diffuses to anode catalyst sites and oxidizes into protons and electrons;
dissociation of hydrogen results in an accumulation of charge with electrons collecting in
the metal electrode and protons collecting in the electrolyte. Protons conduct ionically
through the electrolyte, while electrons pass through an external circuit to power an
electrical load. Protons, electrons, and oxygen recombine to form product water at the
cathode.
Fuel cell current is proportional to total reaction rate, hence increasing the active
area provides higher current operation. Use of porous electrodes enhances the surface
area to volume ratio. It is convenient to express reaction rate in terms of current density
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(j), an area normalized measure of fuel cell current. Based on Faraday’s Laws, the area
normalized molar gas consumption rates are:
!H2 =

j
2F

(6)

JO2 ! =

j
4F

(7)

and water is produced at the rate:
!H2 ! =

j
2F

(8)

Fuel cells are composed of several different components, which contain reactant
distribution features, high-pressure gas seals, current collection components, and
electrochemical components. At its core, a PEM fuel cell is composed of gas distribution
plates, electrodes, and an electrolyte layer. Gas distribution components include Flow
Field Plates (FFPs) for bulk, convective transport and Gas Diffusion Layers (GDLs) for
diffusive transport. The porous electrodes, which contain reaction catalysts, and the
electrolyte, which enables ion conduction, compose the Membrane Electrode Assembly
(MEA). The effectiveness of MEA proton transport is highly dependent on the internal
state of hydration. In contrast, excessive water leads to gas distribution blockage,
requiring removal of excess water. To ensure stable fuel cell operation, it is critical to
strike a balance between the amount of water present within the fuel cell and the amount
removed.
Ideally, a fuel cell would be able to convert all available chemical potential
energy (Δĝ0 = -237 kJ•mol-1) into electrical work. In reality, kinetic, charge transport, and
9

mass transport irreversibilities contribute to defining the true current-voltage relationship
for PEM fuel cells. Fuel cell performance is typically evaluated using polarization curves,
which relate cell current density (j) to voltage (V).

Figure 4. PEM fuel cell polarization curve. The reference reversible potential (E0) indicates the
ideal thermodynamic voltage at STP. Overpotentials represent deviations from ideal operation
resultant from activation (ηact), charge transport (ηohm), and mass transport losses (ηconc).

These irreversibilities, or overpotentials, relate to the fuel cell voltage by:
V = E - ηact - ηohm - ηconc

(9)

which includes reversible potential (E), activation overpotential (ηact), ohmic
overpotential (ηohm), and mass transport overpotential (ηconc). Activation overpotential is
attributed to kinetic inefficiency—the system must achieve an activated energy state for
forward reactions to occur. The ohmic overpotential is caused by internal electrical and
ionic resistivity. Lastly, the mass transport overpotential results from unmatched reactant
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delivery and consumption rates. Insufficient reactant delivery rates typically occur from
diffusive resistances during mass transport.
1.3.1

Activation Overpotential
Although the Gibbs free energy change for PEM operation indicates favorable

reactivity (Δĝ0 < 0), kinetic barriers still constrain reactions from occurring
spontaneously. During charge transfer reactions, kinetic inefficiencies appear as
activation barriers; a minimum amount of energy input is required to break the existing
stable bonds of reactants and reach an activated state from which reactant-product or
product-reactant transition takes place. Although heterogeneous catalysis reduces the
magnitude of the activation barrier, presence of catalysts alone cannot drive the PEM
reactions.
At equilibrium, the chemical free energy difference is balanced by the electric
potential difference and results in a net-zero reaction rate. Hence, the free energy of a
charged species is sensitive to voltage variation. Exchange current density (jx) is used to
describe the rate at which forward and reverse reactions are balanced.
In order to bias the free energy difference to induce the forward reaction, the cell
voltage can be reduced by an activation overpotential (ηact), which drops the magnitude
of the activation barrier. This reaction rate is exponentially dependent on the activation
energy. By association, the current density is exponentially dependent on the activation
barrier and is described by the Butler-Volmer equation for each half-cell reaction:

j = jx0

c*r αnFη
act
e
c*r0

RT
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-

c*p
c*p0

e

α-1 nFηact !RT

(10)

where jx0 is the exchange current density at standard concentration, c is the concentration,
α is the charge transfer coefficient (indicating symmetry of reaction), and ηact is the
activation overpotential (V) [4]. Subscripts r, p, and 0 represent reactant, product, and
reference respectively; superscript

*

indicates amount at the catalyst surface. From this

relationship, activation overpotential scales logarithmically with exchange current
density. Low exchange current densities are indicative of sluggish reactions, requiring
larger magnitude overpotentials to produce a forward current.
From a practical standpoint, the Butler-Volmer equation is cumbersome; low
activation overpotentials (ηact < 15 mV or j

j0) are not important and at larger activation

activation overpotentials (ηact ≥ 50 mV or j > j0), and the second exponential term in
Butler-Volmer (10) loses significance. Solving for ηact in the simplified Butler-Volmer
equation produces the Tafel equation:

ηact = -

RT
RT
ln jx +
ln j
αnF
αnF

(11)

In PEM fuel cells, activation overpotential is dominated by cathode kinetics; the
exchange current density for oxygen reduction is orders of magnitude smaller than that of
hydrogen oxidation [4]. Activation overpotential is primarily influenced by the value of
jx. Increasing reactant concentration, operating temperature, or number of reaction sites
all contribute to increasing exchange current density. Operating at higher pressures can
increase the surface concentration of reactants. The catalyst structure and material
selection affect the number of available reaction sites and size of the activation barrier.
Increasing the operating temperature works to provide increased kinetic energy.
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1.3.2

Ohmic Overpotential
Charge transport losses are represented by the ohmic overpotential (ηohm). Voltage

drops for electrical and ionic conduction obey the linear behavior described by Ohm’s
Law. Both losses contribute to the ohmic overpotential:
ηohm = jA!"## Relec + Rionic

(12)

where R is the resistance with subscripts elec and ionic representing electrical and ionic
resistance. Total membrane resistance scales inversely with active area, so it is
convenient to express the ohmic overpotential in terms of an area specific resistance
(RAS). As ionic resistance typically dominates electrical resistance, the ohmic
overpotential is simplified as:
ηohm = !jRAS =

! jA
σ

(13)

where RAS is the area specific resistance, Acell is the membrane active area, and σ is the
membrane specific conductivity. Efficient charge transport is dependent on thin, highconductivity membranes. Although reducing electrolyte thickness reduces area specific
resistance, membranes must still provide mechanical durability to prevent shorting or fuel
crossover through pinhole formation.
1.3.3

Concentration Overpotential
In the micrometer or nanometer scale of porous electrode structures, reactant

transport is driven by diffusion. During sustained operation, reaction consumption at
catalyst layers produces a concentration gradient that drives diffusive transport. When
reactant consumption rates increase beyond the rates at which surface concentrations are
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replenished, a concentration overpotential (ηconc) results. Dropping reactant concentration
reduces the reversible potential and affects the rate of reaction.
For steady-state operation at an established current density, Fick’s First Law can
be rewritten to determine reaction concentration as a function of current density:
c*r ! =!cr0!! -!

jδ
nFDeff

(14)

where δ is electrode thickness and Deff is the effective diffusivity for a porous medium. In
the case that reactant concentration in the catalyst layer drops to zero, a limiting current
density (jL) is reached; setting cr* in equation (14) equal to zero and solving for j gives:
jL !=!nFDeff

cr0
δ

(15)

Accounting for effects on reversible potential and reaction rate, the concentration loss is:
ηconc =
1.4

j
RT (α + 1)
ln L
αnF
jL - j

(16)

Energy Storage (Charge)
Regenerative PEM fuel cells also offer the ability to convert electrical energy into

chemical energy for storage. To provide charging functionality, regenerative fuel cells
operate in reverse to convert electrical energy into chemical energy. During the charge
process, two electrochemical half-cell reactions take place on opposite sides of the
electrolyte barrier—with water oxidation at the anode (O2 side) and hydrogen reduction
at the cathode (H2 side).
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(a)

(b)

(c)

Figure 5. Schematic of fuel cell charge operation with electrochemical half-cell reactions. A porouscatalyst coated membrane is sandwiched in between gas distribution plates to spatially separate reactants
and provide ion conductivity. In (a), water electrolyzes into oxygen, protons, and electrons after power is
applied to the cell. The protons transport across the membrane and electrons transfer through an external
power source (b). Electrons and protons eventually rejoin to form diatomic hydrogen (c) [12].

By applying a voltage with opposite polarity, water at anode catalyst sites is electrolyzed
to form oxygen gas, protons, and electrons. By the same transport mechanism, protons
conduct ionically through the electrolyte. Protons rejoin electrons at the cathode catalyst
layer to form hydrogen gas. In the process, electrical energy is converted into the
chemical potential energy stored in hydrogen and oxygen gas.
1.5

Water Management
As PEM cells generate power, they produce water as a byproduct—if left

unchecked, water production within PEM fuel cells leads to adverse operational effects,
primarily causing an increase in mass transport resistance leading to future cell
starvation/complete shutdown [13]. Successful operation of PEM fuel cells requires
maintaining a careful balance between membrane humidity and removal of excess
produced water. Maximizing membrane humidity ensures good ionic conductivity while
excess liquid product water must be removed to prevent flooding and cell starvation [8],
[14], [15]. In the case of surplus water buildup, flooding can affect multiple operating
points of PEM cells. Most notably, Gas Diffusion Layer (GDL) and Flow Field Plate
(FFP) channel flooding reduces gas permeability, affecting the limiting current density,
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and can lead to localized reactant starvation [16]–[18]. In turn, flooding can also lead to
electrode and sustained performance degradation [19].
PEM fuel cells make use of Nafion-based membranes for their high ionic
conductivity. Nafion itself is composed of a polytetrafluoroethylene (PTFE) backbone
with sulfonic acid functional groups. As proton transport within Nafion relies on the
presence of water, ionic conductivity is a strong function of the membrane water content
(λ). The membrane water content, defined as the molar ratio of water molecules to
sulfonic acid groups, exhibits a linear relationship with specific ionic conductivity (σ):

Figure 6. Nafion 117 specific conductivity is a linear function of membrane water content [15].

The membrane water content is a function of the relative humidity, or water vapor
activity; Zawodzinski et al [15] showed that membrane water content (λ, mol H2O/mol
SO3-) at is described empirically by:
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λ = 0.0043 + 17.81aw - 39.85a2w + 36a3w

(17)

where aw is the water vapor activity (relative humidity). The membrane water content for
Nafion can range from 0 to 22 [4].

Figure 7. Nafion 117 water content as a function of water vapor activity (relative humidity) [15]. The
water content (λ, 0-22 typical range) is a measure of effective water concentration, relative to the
number of available charged SO3-H+ sites in the membrane structure.

Water transport within the membrane can be primarily attributed to electroosmotic drag and back diffusion.
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Figure 8. Water transport mechanisms for PEM fuel cells with Nafion membranes [15]. Maintaining an
optimal state of membrane hydration requires a rate balance between electro-osmotic drag and water
diffusion (i.e. back diffusion).

The rate of electro-osmotic drag is a result of proton conduction through the membrane;
electro-osmotic drag increases with temperature, membrane water content, and operating
current density [4]. Water back diffusion occurs from rising water concentration at the
cathode and is governed by Fick’s Laws. The diffusivity of water in the membrane is also
function of the water content. As a result of electro-osmotic drag, the membrane will
experience anode-side dry out with sustained operation. Therefore in real fuel cell
systems, gas streams require pre-humidification before delivery to the MEA. In practice,
water management design involves performing a detailed water rate balance analysis,
which must take several dynamic factors into consideration including reactant inlet
humidity, electro-osmotic drag, and cathode water concentration.
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In light of the critical nature of water management design, a large focus of PEM
research has involved understanding water transport mechanics [13] and their application
to design water removal strategies [20], [21]. Models for internal water transport provide
essential information about water management requirements, from which designs are
evaluated. In PEM applications, water management is typically addressed by utilizing
excess reactant gas flows to force water out of the system or by high heat to directly
vaporize water [22]. Other research groups have investigated incorporating long channel
lengths to induce large pressure gradients [7], differing channel geometries [23], and
electro-osmotic micro-pumps [17], [24]. Although these active management schemes
offer robustness, they require additional energy to run and reduce system reliability;
parasitic losses contribute to reduce net power output by as much as 35% [7].
Fuel cell performance for energy storage is conditional on high efficiency energy
production and electrolysis during the storage phase. In an effort to reduce round-trip
efficiency loss, this report covers the development of a passive internal water
management strategy applied to a PEM based regenerative fuel cell system. The new
system design uses porous wicks to transport water away from the membrane to a water
storage reservoir. Strickland et al demonstrated that porous structures can provide stable
performance inside PEM systems, achieving a peak power density of 0.68 W•cm-2 at low
reactant delivery rates [25].
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2

Generation 1 Passive Unitized Regenerative Fuel Cell (PUReFC)
In the search for an environmental conscious technology to provide sustainable

energy storage in remote regions, we developed a single-cell regenerative PEM
prototype. As the cornerstone of the design, porous polymer wicks with controlled pore
size were devised to passively remove water away from catalyst sites during discharge
operation. These wicks are coupled with a porous Water Storage Structure (WSS), which
acts as a storage reservoir for water generated from the PEM forward reaction. During
charge operation, water stored in the WSS can be transported back towards catalyst sites
for electrolysis.
2.1

Fuel Cell Design/Fabrication
A Passive Unitized Regenerative Fuel Cell (PUReFC) prototype was developed in

a non-recirculating, radial architecture as a Senior Undergraduate Capstone Project [12].
This design features a single inlet port for each reactant gas with flow channels radiating
outward (no gas outflow). The PEM and electrolyzer assemblies have been unitized to
reduce system complexity. The fuel cell assembly is shown in Figure 9.
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Figure 9. First generation prototype Passive Unitized Regenerative Fuel Cell (PUReFC) [12], [26]. The
assembly features radial flow field plates (FFPs), each with gas channels diverging from a single inlet.
The system is designed to operate without reactant outflow.

At its core, the system is composed of a reversible Membrane Electrode
Assembly (MEA) along with two Flow Field Plates (FFPs) for oxygen and hydrogen bulk
gas distribution. The assembly also includes Gas Diffusion Layers (GDLs) for reactant
dispersion over the active area, current collectors to ensure unidirectional current flow,
end-plates to apply compression, seals to maintain reactant pressurization, and passive
management components to regulate water balance.
A 5 cm2 active area (Acell), circular, non-carbon supported, reversible Nafion 115
MEA with 3 mg•cm-2 PtB hydrogen-side catalyst loading as well as 1.5 mg•cm-2 PtB and
1.5 mg•cm-2 IrRuOx oxygen-side catalyst loading was selected (Lynntech, College
Station, TX). Sintered titanium GDLs with 56% porosity, 0.3 mm thickness, and 20 µm
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diameter fibers (Bekaert, Marietta, GA) were selected in place of carbon paper. Using
non-carbon materials prevents galvanic corrosion during electrolysis [27].
FFP channel geometry, with 1.2 mm wide by 0.6 mm deep channels, was
designed based on a study by Akhtar [28]. The flow plates were initially fabricated from
titanium for its corrosion resistance—an electroplated 40 µm gold layer was added to
prevent adding electrical resistance from titanium passivation [29], [30]. Viton O-rings
were used in between Current Collectors and Flow Field Plates; two PTFE gaskets were
used to seal against the MEA and two to provide electrical isolation between the Endplates and Current Collectors. Aluminum End-plates with 0.25 inch NPT fittings provide
gas line connection; 10-32 machine screws placed through the End-plates provide
compression to seal the system.
2.1.1

Passive Management Design
Poor management of generated water can lead to adverse fuel cell operation. The

innovation of this design is the use of polymer wicks with controlled pore size to
transport water away from the MEA. The wicks are coupled with a porous Water Storage
Structure (WSS), which acts as a reservoir for water generated from the PEM forward
reaction, Figure 10.
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Figure 10. Operational schematic of PUReFC water management [12]. During discharge mode, water
produces at catalyst sites is wicked away towards the Water Storage Structure (WSS). During charge mode,
water consumption at catalyst sites drives capillary flow away from the WSS.

Water transport within the porous polymers is designed to be driven primarily by
a capillary pressure difference between the wicks and the WSS. The capillary pressure
represents the difference between gas-phase pressure and liquid-phase pressure. The
Young-Laplace equation gives:
Pc =

2γ cos θ
= Pg - Pl
r

(18)

where P is pressure [Pa], γ is surface tension [N•m-1], θ is contact angle [º], r is pore
radius [m], and subscripts c, g, and l are capillary, gas-phase, and liquid-phase
respectively. Capillary flow during discharge operation is achieved by using smaller wick
pores and larger WSS pores. While the prototype discharges, water is transported from
formation sites at the cathode to the WSS, preventing channel flooding. During the
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reverse reaction, the stored water is transported to catalyst sites for electrolysis. Fuel cell
charging is achieved by splitting water into its constituent gases through the applied
potential of a power source.
The polymer chemistry was selected from work done by Strickland et al [25] and
Shkolnikov et al [31], making use of 2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate (HEMA-co-EDMA). Polymer chemistry selection is discussed in detail in
a following section. The porous wicks were fabricated directly onto the O2 FFP using UV
lithography. In this methodology, use of photolithographic masks with controlled UV
exposure allows selective formation of linked polymer chains only in desired regions. In
practice, free radical scattering and sealing issues prevented successful fabrication of the
wicks using this method. To produce a useful prototype, the porous polymer was
fabricated to cover the entire channel area and finally machined to produce the center
channel for gas flow. The resulting dimensions of the porous polymer structures are
approximately 0.3 mm wide by 0.6 mm high. Mercury intrusion porosimetry test results
(Porous Materials Inc.) showed an average pore diameter of 8.55 µm. The WSS is a 130
µm average pore diameter polyvinyl alcohol (PVA) sponge (Super Cool Products,
Elmhurst, IL) designed to operate for 4 hours at maximum production (~7.2 cm3 storage
volume for water generation at 1 A•cm-2 or 0.0005 cm3•s-1).
2.2

Experimental Characterization
Characterization of regenerative fuel cell performance primarily involves

discharge and charge performance testing for static or transient conditions. More
sophisticated characterization involving electrochemical measurement techniques assist
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in developing a deeper understanding of electrode, catalyst, and membrane performance.
Some of these methods include current interrupt and cyclic voltammetry.
To characterize discharge mode performance, a dummy electronic load simulates
a variety of loading conditions (i.e. current, voltage, or resistive loads). Charge mode,
which utilizes the reverse electrochemical reaction, is characterized by using an external
DC power supply to mimic different energy generation conditions (i.e. supplied current
or voltage).
2.2.1

Cell Test Station
PEM fuel cell testing stations require equipment to regulate temperature, gas

pressure/flow rate, and relative humidity. Used in conjunction with a suite of electrochemical data acquisition equipment, reactant parameter regulation provides flexibility
and repeatability in testing.
Data acquisition and electronics control was performed using National
Instruments LabVIEW 2009 software and CompactDAQ I/O modules (NI 9263, NI 9215,
NI 9472, and NI 9213). An Agilent N3301A electronic load was used to simulate loading
conditions for discharge testing. To prevent inaccuracy in low voltage measurement, a
+12 VDC power supply was wired in series to boost fuel cell voltage; an offset was later
applied to the data points. Charge mode operation was tested using an Agilent N5741A
DC power supply to simulate energy generation conditions. Alicat Scientific PC series
electronic pressure regulators were used to control inlet gas pressures. Gas lines leading
from the regulators into the fuel cell pass through 3-way solenoid valves for purge
cycling and through Omega PX309 pressure transducers for secondary line pressure
check. Cell internal temperature was measured using a K-type thermocouple embedded
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between the anode flow field plate and current collector. Cell temperature was
maintained using resistive element heaters on the end-plates, a DPDT relay, a +24 VDC
power supply, and LabVIEW digital control.
Three types of tests were conducted to establish prototype performance: a
discharge conditioning procedure (measuring current density at different load voltages
over time), discharge operation (measured voltage at given load current density), and
charge operation (measured current density at given applied voltage).
For all experiments, cell temperature was held constant at 65 °C and both line
pressures held at 5 psi gauge. Prior to testing, solenoid valves were cycled to purge
trapped atmospheric gases and reach high reactant purity.
2.2.2

Cell Break-In
Before fuel cell characterization, a newly installed MEA was placed through a

break-in procedure to improve repeatability across multiple installations. Similarly,
running re-conditioning routines prior to polarization data collection maintains a
repeatable degree of membrane hydration. During the discharge conditioning procedure,
cell voltage was cycled between 0.8, 0.4, 0.2 V every 20 s for an 8 hour duration [12],
[26]. MEA break-in current density (j) was recorded as a function of time (t).
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Figure 11. First generation prototype MEA break-in procedure
(partial duration) [12], [26].

Figure 11 shows the operating current density of the cell dropping over time for a period
of 120 minutes. The current density eventually dropped off to near-zero values after 8
hours. The initial transient behavior during the first 5 minutes can be attributed to initial
membrane hydration. Upon completion of the break-in procedure, the prototype was
disassembled and inspected. Inspection revealed presence of water at the anode flow
structure, possibly indicating back-diffusion through the MEA. To verify the significance
of the back-diffusion observation, additional transient discharge testing was performed.
2.2.3

Discharge Testing
During discharge testing, the operating voltage (V) was measured as a function of

current density (j). Current density was increased from 0 to 1 A•cm-2 in 0.002 A•cm-2
increments.
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Figure 12. PUReFC Gen. 1 discharge mode performance at 65 °C and 5 psig reactant pressures.

The predicted performance was modeled based on the equations presented in Section 1.3
for a cell at 65 °C and 5 psig H2/O2 inlet pressures. The model assumes a value of 0.5 for
charge transfer coefficient (α) and 1 A•cm-2 for the limiting current density (jL). The area
specific resistance (RAS) was estimated by using a linear fit to the experimental data from
0.1 to 0.5 A•cm-2. Experimental performance is lower than expected above 0.6 A•cm-2.
This drop-off in performance is attributed to higher concentration loss likely attributed to
the selected GDL. The hydrophilic nature of sintered titanium GDLs [32], [33] coupled
with the increased thickness (300 µm) relative to typical carbon paper GDLs (~150 µm)
[4], leads us to believe that diffusive transport resistance increases as a result of GDL
flooding at high current densities.
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2.2.4

Charge Testing
In order to perform electrolysis, a potential has to be applied across the cell.

During charge testing, the operating current density (j) was measured as a function of
operating voltage (V). The voltage was increased from 1 to 2 V in 0.1 V increments.

Figure 13. PUReFC Gen. 1 charge mode performance at 65 °C and 34.47 kPa reactant pressures [26].

The predicted performance was modeled using equations presented in Section 1.3 for a
cell at 65 °C and 5 psig H2/O2 inlet pressures and assumptions listed in Section 2.2.3.
Similar to the discharge data presented above, charge data also presented reduced
operational capacity above 0.6 A•cm-2–which again can be attributed to transport
resistance in the GDL.
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2.2.5

Sustained Operation
During the initial MEA break-in procedure, the cell exhibited complete shutdown

after 8 hours of operation at 0.4 V average loading. As the WSS was originally sized for
4 hour storage (~7.2 cm3 available storage volume) at maximum loading (1 A•cm-2
resulting in a water generation rate of ~0.0005 cm3•s-1), 8 hours of operation falls within
a reasonable expectation for 0.4 V loading—corresponding to ~0.85 A•cm-2 and 7.4
hours of operation Figure 11. However, visual inspection of the anode revealed presence
of liquid water indicating the possibility of MEA back-diffusion. To validate the
significance and repeatability of these measurements, additional testing was conducted
under sustained operating conditions.
Utilizing a BK Precision 8510 electronic load, Alicat Scientific PCD pressure
controllers to maintain reactant pressure at 5 psig/0 %RH, and a vacuum pump to ensure
repeatability in membrane hydration, the cell was operated at various voltage loading
conditions and fixed 65 °C cell temperature. After reactant pressurization, the cell was
allowed to stabilize open circuit voltage for 10 minutes. Current density (j) was recorded
as a function of time.
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Figure 14. Constant voltage transient testing at 0.4V load condition. All test conditions are
comparable.

The current density curves for the short term transient discharge plots are marked
by an initial rapid rise in current density as the MEA re-hydrates after the vacuum purge.
This is consistent with rising ionic conductivity as a result of increased membrane water
content [15].

Figure 15. Constant voltage transient testing for 0.2V loading highlighting hypothesized reasoning for
measured performance.

The current density degradation that follows is likely associated with flooding of the
cathode Gas Diffusion Layer. The hydrophilic sintered titanium GDL saturates and
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increases the gas transport resistance, resulting in partial cell starvation. This hypothesis
fits well with the measured discharge polarization curve in which GDL saturation may be
causing additional concentration loss at current densities greater than 0.6 A•cm-2 (Figure
12).
For sustained operation, balancing the rate of back-diffusion with the rate of
electro-osmotic drag is critical. As operating current density increases, the back-diffusion
term in the net water balance equation has a tendency to overshadow the electro-osmotic
drag term. To identify equilibrium water partial pressure differential values that balance
back-diffusion and electro-osmotic drag rates, the net water rate balance was calculated
for various operating current densities [34]. At or below these equilibrium values for a
given current density the fuel cell has the ability to partially self-balance, requiring less
effort for water removal. Above these equilibrium values, the fuel cell requires
supplementary water removal to ensure stable operation. For the calculations, the anode
is assumed to be at 0% initial relative humidity.
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Table 1. Calculated values for maximum supported water partial pressure differential across
the MEA [34]. At these pressures and 0% anode relative humidity, the rate of electro-osmotic
drag and rate of back-diffusion are matched.

Current Density, j [A•cm-2]

Water Partial Pressure Differential, ΔPeq [Pa]

0.1

400

0.2

1100

0.3

1800

0.4

1800

0.5

2600

0.6

3700

0.7

5700

0.8

7100

0.9

10000

1.0

12000

Low value of equilibrium partial pressure differentials (ΔPeq) presented in Table 1
(≤ 12% of 1 atm), is a further indicators that insufficient water removal will quickly result
in back-diffusion overcoming electro-osmotic drag.
The prior prototype used a radial design with flow channels diverging from a
central inlet port until reaching the outer WSS. This generated a large transport length
(~12 mm) through the wick structures and the pressure gradient was largely driven by the
gas flow in the channels. Due to large water transport lengths, transport due to capillary
pressure drop was insufficient to match the rate of water generation. In this case, the
effective transport length is reduced—limiting transport to a short region local to the
wick/WSS interface.
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3

Generation 2 Passive Unitized Regenerative Fuel Cell
Design improvements to the fuel cell prototype are based on observations from

developing and testing the radial, non-recirculating 5 cm2 active area (PUReFC)
prototype with 1.2 mm wide by 0.6 mm high gas flow channels (Section 2). This radial
design featured flow channels diverging from a central inlet port directed towards a
Water Storage Structure (WSS) housed at the periphery; porous polymer wicks are
located along the channel walls.
From analysis of data collected during sustained operation (Section 2.2), it
became evident that the layout was not suitable for non-recirculating PEM cell operation.
Due to the radial nature of the design, porous transport lengths are highly variable (2 mm
to 12 mm length range) and result in non-uniform water transport rates across the cell
area. In this configuration, the wicks have a tendency to remain saturated along most of
their lengths and water transport into the WSS is effectively limited to a short region
close to the WSS interface. Sustained operation results in saturation of the porous wicks,
and eventually cell flooding. Furthermore, the water pressure gradient within the porous
wicks is coupled with the gas pressure gradient within the distribution channels. During
closed-ended operation, the gas pressure gradient is dictated by the reactant consumption
rate; the gas pressure gradient is minimal and has a limited effect on assisting to drive
water outwards.
To avoid the pitfalls of the first generation design, the second generation
prototype focuses on reducing the characteristic water transport length. The second
generation prototype also aims to decrease system complexity by reducing the total
number of parts and by altering design to improve assembly process flow.
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3.1

Fuel Cell Design
A majority of the fuel cell component design characteristics were directly

transferred into the second generation design from the first generation prototype [34].
The new design moves away from a radial layout in favor of a rectangular configuration:

Figure 16. PUReFC second generation prototype.

In the new architecture, Flow Field Plates (FFPs) include gas inlet and outlet ports
with parallel gas distribution channels.

Figure 17. Hydrogen Flow Field Plate (FFP).

Figure 18. Oxygen Flow Field Plate
(FFP).

Flow Field Plate (FFP) channel geometry was altered to 1 mm depth and 1.2 mm width
along with a 0.28 mm inset for the Gas Diffusion Layer (GDL). Machined titanium plates
were selected to provide corrosion resistance in an electrolysis environment as well as the
versatility to allow ease of coating [27], [30]. As with the previous prototype, an
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electroplated layer of gold was applied to each FFP to prevent passivation from adding
electrical resistance [19], [30], [35-36].
Sintered titanium GDLs were again selected with 56% porosity, 20 µm fiber
diameter, and 0.3 mm thickness (Bekaert; Marietta, GA). 5 cm2 active area reversible
Membrane Electrode Assemblies (MEAs) with 3 mg•cm-2 PtB loading on the hydrogen
side as well as 1.5 mg•cm-2 PtB and 1.5 mg•cm-2 IrRuOx on the oxygen side, were
acquired from FuelCellsEtc. (College Station, TX).
At the core of the new design, the passive water management layout was
revised—the characteristic transport length is reduced by implementing a vertical design.
In this layout, water produced at cathode catalyst sites moves downwards during
discharge operation and upwards during charge operation, Figure 19.

Figure 19. Operational schematic for improved passive water management (cross section shown) [34]. The
surface of the gas transport channels is coated with the porous polymer wick structures and through-holes
are machined and filled with porous polymer wick between the channels and a Water Storage Structure
(WSS).

36

The

wicks

are

composed

of

2- hydroxyethyl

methacrylate- co-ethylene

dimethacrylate (HEMA-co-EDMA) and are coupled with a polyvinyl alcohol (PVA)
Water Storage Structure (WSS). Short through-holes (~1 mm) filled with HEMA-coEDMA act as hydraulically conductive vias that connect the in-channel wicks and the
WSS. The WSS is sized to provide approximately 4 hours of water storage at max
operating current density (1 A•cm-2). The new configuration benefits from consistent
transport lengths (~3 mm) across the entire active area. During non-recirculating
operation, uniform short porous transport lengths prevent localized starvation by
effectively removing water from production sites.
The oxygen FFP features double-sided machining with through holes connecting
channels to a bottom cavity. In this configuration, the WSS is housed below the gas
distribution channels. The hydrogen FFP possesses the same channel geometry as the
oxygen FFP and also includes a lateral small diameter hole for K-type thermocouple
placement. In addition to the water management layout requirements, the new FFPs are
improved by including gas inlet and outlet ports to allow for operation in either openended (i.e. controlled reactant flow rate) or dead-ended mode (i.e. controlled reactant
pressure). The previous development did not allow the flexibility to run open-ended
operation.
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Figure 20. Machined titanium cathode Flow Field Plate (FFP) with 1 mm deep by 1.2 mm wide parallel
gas flow channels. An inset allows the Gas Diffusion Layer (GDL) to sit on top of the flow channels.
Through-holes located at the bottom of each channel provide water transport access to the Water Storage
Structure (WSS) housed below [34].

The new reactant seal design includes two concentric 1/16th-inch thickness ethylene
propylene (EPDM) rubber rectangular gaskets that compress against metal lands on the
opposite FFPs, with an internal gasket to seal oxygen and an external gasket to seal
hydrogen. EPDM was selected for its resistance to material degradation in
oxygen/hydrogen-rich environments with elevated pressure, temperature, and moisture
levels [37], [38]; consulting guidance was provided by Apple Rubber Products, Inc. [39].
The FFPs are gold-coated to prevent passivation of titanium after sustained operation.
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Figure 21. Gold-coated machined titanium H2 FFP. Outer land area
holds the outer gasket to seal oxygen. Inner land area allows
compression seat for hydrogen seal.

The internal gasket seals oxygen by compressing against a metal land on the hydrogen
FFP. Similarly, the external gasket seals hydrogen by compressing against a metal land
on the oxygen FFP. In both cases the MEA is sandwiched in between the metal and
gasket, until roughly 20% compression on the gasket; the MEA does not extend out of the
fuel cell stack. To prevent MEA damage through gas pressurization or purging, inlet and
outlet ports for each FFP were positioned such that each would occupy a different corner.
From the start of the redesign phase, our goal was to reduce system and assembly
process complexity. To reduce the total number of components, the functionality of
Current Collectors and End-Plates was integrated. The new copper plates provide current
collection tabs and 1/16-inch NPT gas line connections; grooves for gaskets allow sealing
against the FFPs. Copper was selected for its high electrical conductivity.
Assembly complexity was reduced by splitting into two sub-assembly processes.
A first sub-assembly was put together using the FFPs, GDLs, and MEA and clamped
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using 8 4-40 ceramic machine screws. In this way, MEAs can be aligned before testing in
a repeatable manner. Using non-conductive machine screws to compress the first subassembly seals as opposed to metal machine screws prevents electrical shorting. After
installation of the WSS, the final assembly involves placing gaskets in between the
Current Collectors and FFPs and tightening 8 4-40 metal machine screws for each side.
By utilizing two sets of fasteners for each sub-assembly, the Current Collectors are not
required to provide compression for the entire system. Each gasket is designed to require
minimal compression to seal.
3.2

Passive Management Fabrication
Fabrication of porous polymers can be achieved using many different techniques.

For the present application, a UV initiated reaction in a controlled environment is used to
produce porous polymer monoliths.
The polymer chemistry and fabrication procedure were adapted by Shkolnikov et
al. [31] and Strickland et al. [25] based on the work of Yu et al. [40]; 2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate (HEMA-co-EDMA) was selected. The basis for
selection of HEMA-co-EDMA comes from the requirement to provide absorption using a
hydrophilic porous polymer. The polar hydroxyl functional group found in hydroxyethyl
methacrylate (HEMA) makes it ideal for this application [31].
Polymerization of HEMA-co-EDMA occurs via free radical cross-linking of
hydroxyethyl methacrylate, a monovinyl monomer, and ethylene dimethacrylate, a multivinyl monomer [41], [42]. A UV sensitive catalyst destabilizes to release free radicals;
propagation throughout the base solution initiates rapid polymer chain growth at
nucleation sites. With increasing polymer molecular weight, solubility decreases and a

40

two-phase system of solid polymer precipitate and liquid solvents form. During continued
polymer chain formation, solvents (or porogens) temporarily hold pore volume until
agglomeration is complete. The resulting porous polymer microstructure is affected by
multiple factors including reaction rate, monomer/porogen ratio, solvent types, and
monomer mass fractions. UV initiator concentration, reaction temperature, and irradiation
intensity all contribute to change in reaction rate; generally, nominal pore size decreases
with increasing reaction rate [41]. From a study by Merhar et al [43], the porosity of the
polymer is roughly equivalent to the volumetric fraction of porogens. Utilizing a poor and
good solvent in conjunction can control polymer solubility, affecting the distribution of
polymer globule sizes [31], [41]. In the presence of a poor solvent, polymers precipitate
at lower molecular weights, preventing formation of large globules. The ratio of
monomer mass fractions affects the degree of cross-linking. As the ratio of multi-vinyl to
monovinyl monomers increases, pore size generally decreases [31].
First generation porous polymer fabrication exhibited major issues including poor
interfacial contact between porous domains (i.e. wick-WSS interface), insufficient control
over porous polymer structural resolution, and frequent bubble formation during
monomer solution injection. In the second generation prototype, we identify three critical
interfaces: Gas Diffusion Layer (GDL) to in-channel polymer wicks, in-channel polymer
wicks to water transport through-holes, and water transport through-holes to Water
Storage Structure.
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Figure 22. Three critical contact areas between different porous domains (cross section shown)
are identified [34]. Poor interfacial contact at any of the three contact areas can lead to
insufficient water transport through the system.

To avoid poor interfacial contact at interfaces 2 and 3 (Figure 22), thin intermediary
sections (~0.2 mm) of HEMA-co-EDMA are fabricated at the interfaces—allowing for a
larger contact area (see Figure 19). To eliminate any issues associated with interface 1
(Figure 22), the in-channel wicks extend slightly higher than the channel height. The
porous polymer wicks are fabricated as a continuous structure with channel wall features
that extend into the through-holes and include the interfacial contact sections.
The nature of the polymerization reaction, namely the uncontrollability of free
radical scattering, makes fabrication of high-resolution (1 µm) structures challenging.
Using photomasks to selectively conceal regions during UV exposure has been
ineffective in creating well-defined structures; the resulting porous polymer fills the
entire available volume. Experiments incorporating increased chemical inhibitor
concentration have not been effective in curbing the degree of uncontrollability. The
present work explores the possibility of using a mold structure to create high resolution (1
µm target), sharply defined porous polymer monoliths similar to the process used by
Strickland et al. [25].
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Figure 23. Porous polymer fabrication assembly [34]. This figure shows an expanded view of the mold
(~800 µm photoresist) and glass sealing plate. A top mold limits polymerization to desired regions (see
Figure 19). A glass sealing plate with ports for vacuum line access and monomer solution injection
minimize bubble formation. The glass sealing plate extends partially into the depth of the WSS chamber,
allowing room for a thin interfacial layer (200 µm) of HEMA-co-EDMA.

In this procedure, an ultra-thick photoresist mold (~800 µm) with sufficient UV
transparency is independently fabricated before the porous polymer fabrication. Making
use of this component and a bottom sealing plate, the base monomer solution can be
injected into the FFP volume and UV irradiated from top and bottom. The bottom sealing
plate extends only partially into the depth of the WSS cavity—leaving a thin gap (~200
µm) for fabrication of an intermediary section of porous polymer (Figure 19). As bubble
formation is a persistent issue during HEMA-co-EDMA polymerization, the bottom seal
plate includes a vacuum line and solution injection access. Prior to injection of the base
monomer solution, a vacuum removes initially trapped gases from the sealed assembly.
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3.2.1

Porous Polymer Microstructure Characterization
In order to evaluate the fluid transport capabilities of methacrylate based

polymers, we devised a simple test apparatus to determine fully saturated permeability.
Darcy’s Law dictates that for the fully saturated condition, pressure drop increases
linearly with volumetric flow rate. Rearranging Darcy’s Law yields an expression for
material permeability (fully saturated):
kw =

µw L Q
A ∆Pw

(19)

Porous polymer samples were prepared in 5 mm ID, 7 mm OD, and 30 mm length
GE type 214 quartz tubing (QSI, Fairport Harbor, OH). Quartz tubing was selected for its
high UV transmittance at 360 nm wavelength [44]. Custom PTFE (Teflon) caps were
fitted to the sides of the glass tubing to prevent leaks during fabrication. The test
apparatus was prepared by temporarily fixing the samples between two Swagelok SS400-R-4 reducing fittings with 3/8” heat-shrink tubing; small diameter hose clamps were
placed over the heat-shrink to seal the system. Swagelok SS-400-3 union tee fittings were
used on opposite sides to provide differential pressure transducer connection and flow
rate delivery.
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Figure 24. Glass tube permeability test setup. The fabricated porous media sample is held in
place using several sections of heat-shrink tubing; two tube fittings allow connection to valves,
flow controller, and differential pressure transducer.

Flow rate was commanded using a KD Scientific Model 200 dual-syringe pump and
pressure drop was measured using an Omega PX26-0005DV wet-wet differential
pressure transducer.
3.2.2

Pre-exposure Characterization
The low viscosity of the working monomer solution limits its practical use during

in situ porous polymer fabrication. Despite careful handling of mask aligning equipment,
gas bubble formation still restricts control over microstructure geometry and pore size
distribution. Presence of free-radical inhibitors in the stock monomer solution combined
with controlled irradiation dosage (typically 15 minutes at 20 mW•cm-2) prevents
instantaneous polymerization. A pre-exposure methodology, intended to temporarily
thicken the working solution, was investigated. In the procedure, the monomer solutions
were prepared in sample vials and exposed to UV for short durations prior to full
polymerization. The effect on the polymer microstructure was characterized by
measuring the full-saturated water permeability.
All samples were prepared with 365 nm UV peak wavelength exposure, fixed
mass fractions (HE06 formulation), and fixed sample surface irradiation (20 mW•cm-2).
UV exposure was performed using an OAI Series 200 mask aligner (12 cm source height)
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on monomer solution samples contained in GE type 214 quartz tubing (5 mm ID, 7 mm
OD, 30 mm L; Quartz Scientific Inc, Fairport Harbor, OH). Quartz tubing was selected
for its high UV transmittance at 360 nm wavelength. The tubing was covered on both
ends using custom-machined PTFE caps to prevent leaks during polymerization. Multiple
sets containing three samples each were prepared using the same batch of solution and
pre-exposed to various irradiation dosages (2000-3000 mJ•cm-2, with 200 mJ•cm-2
increments). 6000 mJ•cm-2 was also tested to estimate time for full polymerization. In
each set, one sample was opened following the pre-exposure period and visually
inspected to mark changes in viscosity. The other two samples of each set were held
sealed without exposure for 10 minutes to simulate working time. The samples were then
given 18000 mJ•cm-2 secondary exposures to ensure complete polymerization. A control
case sample was prepared for comparison to the other samples.
Due to the nature of the polymerization reaction (i.e. the scattering of free
radicals), the monomers continue to cross-link during the working time simulation.
Initially, an estimate for complete polymerization was determined by trial and error; 3000
mJ•cm-2 pre-exposure resulted in large globule formation, and 6000 mJ•cm-2 preexposure resulted in mostly complete polymerization. During the sample preparation
phase, it was observed that 2600 mJ•cm-2 of pre-exposure resulted in a short working
time (~1 min) after which large polymer globule formation would inhibit successful use
in interfacial fabrication. Contrary to the hypothesized uniform change in fluid viscosity,
polymer formation was localized to large globules. At 2000 mJ•cm-2 pre-exposure, the
resulting working time was approximately 10 min.
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Table 2. Pre-exposure characterization sample permeability data.

Pre-Exposure Dosage [mJ•cm-2]

Permeability, k [m2]

0

5.94×10-12

2000

1.67×10-12

2200

2.47×10-12

2400

2.98×10-12

The measured results show that the order of magnitude of permeability does not change
for various pre-exposure conditions. The expected order of magnitude of measurements
made by Shkolnikov et al. (1.91×10-12 m2) [31] matches with the values determined in the
present application. The permeability values are slightly high likely due to improper
sealing around the sample in the glass tubing. The porous polymer samples do not adhere
well with the quartz surface, from which some flow can be expected to bypass the
polymer during permeability measurements. It can be concluded that the prepolymerization dosage does not have a significant effect on the material permeability.
From the observed formation of polymer clustering and non-uniformity of the
pre-exposed sample viscosity, it could be concluded that using a pre-exposure
methodology did not enhance the practical workability. Although pre-exposure did not
have an appreciable affect on the pore structure, a vacuum pre-purge methodology before
solution injection would be much more suitable to minimize bubble formation.
During porous polymer fabrication, the monomer solution is injected into the
substrate and subsequently sealed. While assembling the seal prior to UV exposure, air
bubbles are inadvertently trapped. In an alternate process, a vacuum would be pulled on a
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sealed substrate to extract air and as a final step the monomer solution would be injected
into the sealed substrate cavity.
3.2.3

Photoresist Fabrication
The ability to produce thick vertical sidewall structures with good resolution

control is essential for a photoresist-aided molded porous polymer fabrication process.
For the present application, SU-8 is considered as a low cost material. SU-8 is an i-line
(365 nm wavelength) negative tone photoresist often used in thick film applications (≥ 50
µm), making it an ideal candidate to aid fuel cell porous polymer fabrication [45]–[47].
The SU-8 chemistry is based on EPON SU-8 resin (CAS # 28906-96-9) bound in an
organic solvent (γ-butyloracton, CAS # 96-48-1); triaryl sulfonium salt (CAS # 8945237-9) is typically used as the photosensitive compound. Varying the solvent-to-resin ratio
produces various formulations of SU-8 with different viscosities.
Use of SU-8 to produce either high aspect ratio or thick film structures is often
successful because of its low optical absorption in the near UV range and the low
molecular weight of the SU-8 resin [45–48]. Low optical absorption provides excellent
transmission of UV irradiation (~70% at 365 nm wavelength) through the resin, resulting
in vertical sidewall structures. Excellent UV transmission properties promote SU-8 as a
viable option for mold-assisted porous polymer fabrication. The low molecular weight of
SU-8 resin offers high solubility in a variety of organic solvents, allowing production of
high concentration SU-8 formulations to reduce processing time.
The typical fabrication process for SU-8 structures involves a substrate
preparation stage, coating stage, soft bake stage, exposure stage, post bake stage, and
lastly a development stage [48]. SU-8 3050, SU-8 Developer, Remover PG (NMP based
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solvent), and OmniCoat (adhesion promoter) were purchased from MicroChem Corp.
(Newton, MA). The 3050 formulation was selected for its low solvent concentration
(24.5%). Large microscope slides (50.8 mm x 76.2 mm x 1 mm) were purchased from
LabPro, Inc. (Sunnyvale, CA) used as substrates.
Following substrate preparation and cleaning, the coating stage first involves
adhesion promoter application followed by photoresist application, both by spin-coating.
Adhesion promoter (OmniCoat) is applied to enhance surface bonding of SU-8. After
completion of the coating stage, soft baking reduces solvent concentration—leaving
behind non-cross-linked epoxy resin and photo-initiator. The soft-bake procedure also
aids in avoiding photomask contamination [49]. Subsequent exposure of the negative
photoresist to UV irradiation with photomasks, initiates a two-step cross-linking reaction
in exposed regions. During this step, the photosensitive compound produces a strong
acid. The epoxy cross-linking reaction uses this acid to catalyze a thermally driven
reaction during the post bake stage. When flushed with developer solution, regions of the
photoresist unexposed to UV irradiation dissolve.
Applications involving ultra-thick layers raise concerns during baking steps. As
film thickness increases, the amount of solvent mass increases. In order to evaporate the
higher solvent content, longer bake times and higher temperatures may be required—
possibly degrading the photoactive compound. Micro crack formation may also result.
These issues are bypassed by building the mold using smaller thickness layers.
A Laurell Tech Corp. WS-650MZ-23NPP spin processor (North Wales, PA),
ThermoScientific Cimarec hotplates (Waltham, MA), Mettler Toledo AL54 analytical
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balance (Greifensee, Switzerland), an OAI Series 200 mask aligner (Milpitas, CA), and a
Bransonic B2200R-1 ultrasonic cleaner were used in photoresist processing.
3.2.4

Mold Release Tests
Before proceeding with the final SU-8 mold design, preliminary studies were

conducted to determine the feasibility of releasing an SU-8 mold with ~100 µm features
from fabricated HEMA-co-EDMA. SU-8 samples were prepared on large microscope
slides (50.8 mm x 76.2 mm x 1 mm), purchased from LabPro, Inc. (Sunnyvale, CA). The
substrate center locations were measured and marked for improved accuracy in
positioning of the SU-8 dispensed bead; substrates were cleaned using an acetone
followed by deionized water rinse and N2 dry. Alignment of the SU-8 bead and the spin
coater rotational axis is critical to reduce non-uniformity in the spun SU-8 layer. 1 g SU-8
beads were injected onto each substrate slowly to prevent bubble formation. In the case
of tiny bubble formation, the substrate was placed in a vacuum chamber until all bubbles
were evacuated; further processing is outlined the steps below.

50

Table 3. Protocol for preparation of SU-8 mold release samples [34].

Process Step
SU-8

Process
1. ~1 g bead dispense
2. 5 s with 100 rpm/s until 500 rpm
3. 30 s with 300 rpm/s until 1000 rpm
4. 45 min soft-bake at 95 °C
5. Expose at 375 mJ•cm-2
6. 1 min post-exposure bake at 65 °C (residual stress reduction),
35 min at 95 °C
7. Develop 45 min with ultrasonic agitation

Cleaning

1. Developer solution rinse, isopropanol rinse, de-ionized water
rinse, N2 dry

Using the preliminary SU-8 samples, mold release tests were conducted by
fabricating HEMA-co-EDMA onto an aluminum test plate. Vacuum grease (Swagelok
MS-TL-VGT Vac Goop; Solon, OH) was applied to seal the glass substrate of the SU-8
samples onto the metal test plate. HEMA-co-EDMA monomer solution was injected into
the flow plate through the bottom access holes. A glass slide was placed with vacuum
grease to seal the back of the plate. Major air bubble removal was not considered for the
release tests—the main priority was to establish if the mold could be pulled off without
causing damage to the porous polymer. The test bed was finally exposed to an 18 J•cm-2
irradiation dose.
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The results of the first attempt showed that the SU-8 was unable to completely
pull away from the porous polymer without causing damage. RainX was applied to the
SU-8 surfaces prior to the second attempt and resulted in less removal of porous polymer.

Figure 25. First attempted mold removal
resulted in damage to porous polymer.

Figure 26. Second attempted mold removal
after RainX application resulted in reduced
damage to porous polymer.

In the third attempt, nitrogen was used to dry the porous polymer after curing and
successfully prevented damage to the porous polymers. In this process, excess solvent
contained within the pore structure was evaporated to eliminate the source of high surface
tension between the glass slide and the porous polymer pores.

52

Figure 27. Third attempted mold removal after N2 dry of porous polymer resulted in minimal damage to
the porous polymer structure.

3.2.5

Photoresist Characterization
Before producing a viable SU-8 mold for use in porous polymer fabrication,

photoresist process characterization was conducted. As a first step, adhesion promoter
layer thickness was characterized using a Gaertner L116C ellipsometer (Skokie, IL). SU8 thicknesses used in the present application (~100 µm per layer) prevent characterization
using ellipsometry (0-6 µm range); SU-8 thickness was characterized using high
resolution optical microscopy. Five OmniCoat characterization samples were prepared
using the process in Table 4 [50]:
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Table 4. Protocol for preparation of OmniCoat (adhesion promoter) thickness characterization samples
[34].

Process Step

Process

Preparation

1. Acetone rinse, de-ionized water rinse, N2 dry

OmniCoat

1. ~1.5 mL dispense
2. 5 s with 100 rpm/s until 500 rpm
3. 30 s with 300 rpm/s until 3000 rpm
4. 2 min hotplate bake at 200 °C

For transparent substrates, incident light from the ellipsometer laser source can
reflect off the sample stage and cause error in thin film thickness measurements [51]. For
the OmniCoat characterization samples, clear tape was placed on the back of each
substrate to induce scattering through modified surface roughness. Prior to taking
ellipsometric measurements of the OmniCoat samples, silicon wafer samples with known
thin film parameters were used to verify instrument calibration. The OmniCoat samples
were measured approximately at the sample center, yielding a 21 nm average per layer.
For SU-8 thickness characterization, samples in the range of 1000-2250 rpm with
a 250 rpm increment were created using the procedure outlined in Table 5.
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Table 5. Protocol for preparation of SU-8 thickness characterization samples [34].

Process Step

Process

Preparation

2. Acetone rinse, de-ionized water rinse, N2 dry

OmniCoat

1. ~1.5 mL dispense
2. 5 s with 100 rpm/s until 500 rpm
3. 30 s with 300 rpm/s until 3000 rpm
4. 2 min hotplate bake at 200 °C
5. Repeat steps 1-4 for second layer

SU-8

8. ~1 g bead dispense
9. 5 s with 100 rpm/s until 500 rpm
10. 30 s with 300 rpm/s until 1000-2250 rpm for different cases
11. 45 min soft-bake at 95 °C
12. Expose at 375 mJ•cm-2
13. 1 min post-exposure bake at 65 °C (residual stress reduction), 5
min at 95 °C
14. Develop 30 min with ultrasonic agitation

Cleaning

2. Developer solution rinse, isopropanol rinse, de-ionized water
rinse, N2 dry

One half of each sample was exposed to UV irradiation to create a sharply defined
sidewall at the substrate centerline.
Characterization was performed using an angled, high-resolution optical
microscopy setup. The system consists of an Allied Vision Tech Prosilica GC655
machine vision camera (Stadtroda, Germany), Volpi Intralux 5000 fiber optic light source
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(Auburn, NY), and an Infinity Photo-Optical Company fixed focal length lens array
(Boulder, CO). The setup was calibrated with an Edmund Optics USAF 1951 test pattern
(Stock # 38-257, Barrington, NJ), resulting in an 8.77 µm resolution at a 45° angle of
incidence and ~33 cm height from sample to sensor. To avoid back-calculation of sample
thickness through trigonometric relations, pixel height was directly correlated to
linewidth. Results were in close agreement with the supplied SU-8 3000 datasheet
parameters [48].

Figure 28. SU-8 layer thickness characterization results [34]. The measured values are sufficiently close
(17% max difference for 2250 rpm sample) with expected values reported in the MicroChem SU-8 3000
datasheet [48].

An exponential fit to the experimental data:
S!≈!4153e!-0.013h
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(20)

with spin speed S [rpm] and layer thickness h [µm] demonstrates that ~1130 rpm
produces an SU-8 thickness close to 100 µm for the present substrate and cleaning
procedure.
3.2.6

Photoresist Processing
Upon completion of process characterization experiments, SU-8 molds for

implementation in porous polymer fabrication were created using 8 layers of 100 µm
thick SU-8. The process steps are outlined below:
Table 6. Protocol for SU-8 mold fabrication [34].

Process Step

Parameters

Preparation

1. Acetone rinse, de-ionized water rinse, N2 dry

OmniCoat

1. ~1.5 mL dispense
2. 5 s with 100 rpm/s until 500 rpm
3. 30 s with 300 rpm/s until 3000 rpm
4. 2 min hotplate bake at 200 °C
5. Repeat steps 1-4 for second layer

SU-8

1. ~1 g bead dispense
2. 5 s with 100 rpm/s until 500 rpm
3. 30 s with 300 rpm/s until 1130 rpm
4. 45 min soft-bake at 95 °C
5. Repeat steps 1-4 until 800 µm
6. Expose at 1333 mJ•cm-2
7. 1 min post-exposure bake at 65 °C (residual stress reduction),
25 min at 95 °C
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8. Develop 100 min with ultrasonic agitation
Cleaning

1. Developer solution rinse, isopropanol rinse, de-ionized water
rinse, N2 dry

Selected exposure dose is based on investigations conducted by Despont et al [46].
3.2.7

Porous Polymer Fabrication
The base monomer solution consists of hydroxyethyl methylacrylate monomer

(HEMA, CAS # 868-77-9), ethylene dimethylacrylate monomer (EDMA, CAS # 97-905), methanol solvent (CAS # 67-56-1), and hexane solvent (CAS # 110-54-3) in the
following mass fractions: 0.15 HEMA, 0.15 EDMA, 0.467 methanol, and 0.233 hexane.
Benzoin methyl ether (CAS # 3524-62-7) was added as UV initiator at 1% of total mass.
For solution preparation, benzoin methyl ether was first measured on laboratory scale and
added to a glass scintillation vial. Following this step liquid chemicals were added;
solvents were added last to minimize evaporation. Although Strickland et al removed
inhibitors found in monomer stock, we neglected this step to enhance workability.
Contents of the glass vial were mixed using a vortex mixer and sheathed to prevent
inadvertent UV exposure during transport.
In situ fabrication of the porous polymer wicks was achieved using an OAI Series
200 Mask Aligner (San Jose, CA), with a ~365 nm peak wavelength 350W mercury lamp
(Advanced Radiation Corporation, Santa Clara, CA). UV irradiation was controlled using
an OAI 2105C2 Illumination Controller set to provide constant intensity; calibration data
was acquired using an OAI 308 UV intensity meter paired with an OAI 308-0002-07 UV
optical sensor (365 nm peak detection wavelength) for irradiance measurement.
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A custom-fabricated quartz glass sealing fixture including vacuum line and
solution injection access is implemented to minimize bubble formation during porous
wick polymerization; quartz was selected for its high UV transmissivity. Swagelok SS100-R-1 (Solon, OH) fittings were epoxied into the access ports of the sealing plate using
Loctite Hysol 1C purchased from McMaster-Carr (Elmhurst, IL). Swagelok SS-41S2
valves were connected to the sealing plate fittings. During assembly of the fabrication
fixture, Swagelok Vac-Goop was applied between mating surfaces to prevent leaks. VacGoop was selected for its chemical compatibility with hexane and methanol. As a first
step, the SU-8 mold was slotted in the top of the Flow Field Plate (FFP). The bottom
sealing plate was then inserted into the WSS cavity. The bottom sealing plate partially
fills the WSS cavity depth, leaving a thin gap (~200 µm) for fabrication of a HEMA-coEDMA intermediary section (Figure 19). A Millipore WP6111560 vacuum pump
(Billerica, MA) was used to evacuate trapped gases. Monomer solution was then injected
into the FFP volume. Each side was exposed to 18 J•cm-2.
Despite promising results from earlier N2 dry mold release tests, the larger
photoresist structures (~800 µm) could not be removed without partially damaging the
porous wicks. As an alternative, the porous polymer was re-fabricated using only a glass
substrate and the bottom sealing plate. Following complete polymerization in the entire
channel geometry, the FFP was placed in a methanol bath at 65 °C for 2 hours to remove
excess chemical material. The intended wick geometry (Figure 19) was produced by endmilling excess material and as a final step, placed in another methanol bath at 65 °C for
12 hours to remove contaminants.
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Figure 29. Resultant porous polymer wicks in O2 FFP after polymerization and milling of excess material
[34]. A final methanol bath at 65 °C for 12 hours was used to remove contaminants.

3.3

Experimental Characterization
As with the experimental characterization of the first generation PUReFC

prototype, testing for the second generation PUReFC prototype involves discharge and
charge performance evaluation for static or transient conditions. An electronic load
simulates a variety of loading conditions (i.e. current, voltage, or resistive loads) to test
discharge operation. Charge mode, which utilizes the reverse electrochemical reaction, is
characterized by using an external DC power supply to mimic different energy generation
conditions (i.e. supplied current or voltage).
For the second generation prototype, two variants were developed and intended to
be compared side-by-side to evaluate the effectiveness of the present passive
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management scheme—a control case without porous wicks and a complete prototype
with integrated wicks.
3.3.1

Cell Test Station
Before

implementing

the

test

plan

for

second

generation

prototype

characterization, a new test station layout was devised. Like the original test apparatus,
equipment to regulate temperature, gas pressure/flow rate, and relative humidity are
required along with a suite of electrochemical data acquisition equipment and software.
Since the new design features inlet and outlet ports for hydrogen and oxygen, the test
apparatus was altered to provide the options of closed-ended pressure control or openended mass flow control. With pressure control, the cell outlets were plugged during
operation.
Data acquisition and electronics control was performed using National
Instruments LabVIEW 2009 software and CompactDAQ I/O modules (NI 9263, NI 9215,
NI 9472, and NI 9213). A BK Precision 8510 electronic load was used to simulate
loading conditions for discharge testing. Charge mode operation was tested using an
Agilent N5741A DC power supply to simulate energy generation conditions.
Alicat Scientific PCD-100PSIG-D-PCV03 electronic pressure regulators were
used to control inlet gas pressures during closed-ended operation. Alicat M-200SCCM-D
mass flow meters along with Swagelok SS-4MG-MH metering needle valves were used
to control inlet gas flow rates during open-ended operation. Custom bubbler humidifiers
were used along with heated lines (Clayborn Labs, Truckee, CA) to maintain reactant
humidification.
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Cell internal temperature was measured using a K-type thermocouple embedded
in the anode flow field plate. Cell temperature was maintained using resistive element
heaters on the end-plates, a solid state SPST relay, a +24 VDC power supply (Astec
MP8-3E-2Q-4LE-OM), and LabVIEW digital control. Bubble humidifier and heated line
temperatures were also controlled using resistive element heaters and LabVIEW digital
control. Mass flow control or pressure control were selected using 2-directional valves.
Three types of tests were planned to establish prototype performance: a discharge
conditioning procedure (measuring current density at different load voltages over time),
discharge operation (measured voltage at given load current density), and charge
operation (measured current density at given applied voltage). Due to issues observed
during MEA conditioning and discharge procedures, experiments were stopped short.
3.3.2

Cell Break-In
Prior to fuel cell discharge or charge mode characterization, newly installed

MEAs were placed through break-in procedures to improve repeatability. Similarly, reconditioning routines were run prior to polarization data collection to maintain
repeatability with the initial state of membrane hydration. During the discharge
conditioning procedure, cell voltage was cycled between 0.8, 0.4, 0.2 V every 20 s for an
8 hour duration. The procedure involves running the cell closed-ended at 65 °C, 5 psig
H2/O2, and 40 %RH.
3.3.3

Discharge Testing
During discharge testing, the operating voltage (V) was measured as a function of

current density (j). Current density was increased from 0 to 1 A•cm-2 in 0.002 A•cm-2

62

increments. Due to repeated observations of poor MEA re-conditioning performance
during the control case discharge tests, further testing was postponed to investigate.
Repeated measurements of the open-circuit voltage (OCV) after MEA reconditioning showed no signs of performance improvement. Initially, with a new MEA
installation, OCV was measured around 1.07 V. Repeated conditioning on this MEA
resulted in a final reduced open-circuit voltage of 0.947 V. Installation of a replacement,
unconditioned MEA stabilized at 0.998 V OCV after a break-in procedure. We
hypothesized that the low OCV was likely a result of poor interfacial contact, resulting in
a large electrical contact resistance. From testing at 65 °C, 5 psig H2/O2, and 90 %RH,
extremely poor discharge testing (producing 0.3 A•cm-2 maximum current output) results
forced a shutdown of the experiments to determine root-cause of observed issues.
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4

Conclusions
Initial efforts to develop a Passive Unitized Regenerative Fuel Cell prototype

resulted in poor management of internally generated water. Using experimental results
and our observations during cell inspection, it was hypothesized that the primary
contributing factor for insufficient water removal was the long characteristic length for
transport in the porous polymer wicks (~12 mm). In addition to the issues generated from
large transport lengths, the fabrication process for the porous polymer wicks could be
greatly improved.
In response to the issues observed, a new prototype was developed with the
primary intention of producing a shorter capillary transport length (~3 mm). Furthermore,
improving the fabrication process to produce high-resolution (~1 µm) structures with
well-defined geometries and minimal bubble formation was a major focus. The
fabrication process developed has demonstrated the ability to fabricate porous polymer
wicks in the originally proposed hydraulic via design by utilizing a photoresist mold and
bottom sealing plate. Despite successful fabrication of the water management design,
poor performance suggests other issues with the new prototype design. Low open-circuit
voltages after repeated MEA conditioning and low maximum operating current densities
for discharge operation are possibly indicative of high contact resistance.
For future development, we recommend expanding work to focus within two
primary areas: porous polymer fabrication process optimization and system design
improvements. Process studies on exposure and soft-bake parameters can be conducted to
optimize production time. Secondarily, comprehensive experiments can be performed to
determine a mold release strategy applicable to ultra-thick photoresist structures (≥500
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µm). From a system design perspective, a detailed system compression analysis can be
helpful in establishing the source of poor operational performance. Following this
determination, further experiments can be planned to establish the true performance
metrics of the fuel cell prototype. Lastly, a complete semi-analytical model coupled with
numerical simulations can offer insight into fuel cell operation prior to fabrication.
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Appendix A – Second Generation Design Considerations
A.1.

Titanium Passivation
In the corrosive electrochemical environment of the fuel cell, raw titanium

oxidizes quickly—creating a need for a corrosion resistant layer. From repeated testing
and disassembly of the first generation prototype, the titanium flow plates exhibited
delamination of their gold layers and allowed TiO2 formation. To determine the
significance of oxidized titanium contact resistance and the necessity for gold coating, a
four-wire method was employed to make resistance measurements [52].

Figure 30. Contact resistance measurement setup. A ~10 hour service titanium FFP (without gold coating)
was embedded in between current collectors and PTFE gaskets; the assembly was compressed using endplates with 10-32 machine screws torqued to 64 in-lbs. Voltage application and current measurement nodes
shown on right.

Measurements were made using a Keithley 2400 Broad Purpose SourceMeter after six
10-32 machine screws were torqued to 64 in•lbs in a star-pattern. A negligible difference
in resistance between gold plated and fully delaminated flow field plates (0.008 Ω)
indicates that the titanium oxide layer added insignificant contact resistance relative to
the total cell resistance (0.4259 Ω). The total cell resistance was determined by
examining the slope of the ohmic region of discharge polarization data (Section 2.2.3).
While the sample passivation layer did not contribute significantly to cell resistance
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(~1.9% of total), the effects of longer duration operation on fuel cell performance have
yet to be tested; the gold layer is maintained in the second generation prototype.
A.2.

Gas Diffusion Layer Resistive Properties
Fabrication of the polymer wicks often results in formation of a polymer layer on

the flow field plate ribs, through which current is designed to pass. Due to the nonconductive nature of the polymer, this results in poor cell performance. To bypass this
issue, the feasibility of collecting current through the side of the gas diffusion layers
(GDLs) was experimentally measured using the van der Pauw method [53]. Assuming
isotropic material resistivity for a thin conductor, planar resistances were measured using
a Keithley 2400 Broad Purpose SourceMeter. A 10 mA current was applied across one
axis of the disk, with voltage measured across the perpendicular axis:

Figure 31. GDL measurement
points for van der Pauw
method.

Resistance Current
Variable
[mA]

Voltage Resistance
[V]
[Ω]

R1-2, 3-4

10

3.52

0.352

R2-3, 4-1

10

3.71

0.371

R3-4, 1-2

10

3.43

0.343

R4-1, 2-3

10

3.32

0.332

Due to reciprocity, the following holds true:
R1-2, 3-4 = R3-4,1-2

(21)

R2-3,4-1 !=!R4-1,2-3

(22)

Taking the average:
RA !=!

R1-2,3-4 !+!R3-4,1-2
2
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(23)

R! !=!

R2-3,4-1 !+!R4-1,2-3
2

(24)

Using the average resistance values, the van der Pauw relation determines sheet
resistance (Rs):
exp -

πRA
πRB
+ exp =1
Rs
Rs

(25)

The resulting sheet resistance value is approximately 1.584 Ω. In comparison to the
overall cell resistance (0.4259 Ω), the sheet resistance measurement is roughly 3.7 times
larger—current collection through the side of the GDL would likely induce relatively
large resistive loss and is not suitable for future designs.
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A.3.

Mechanical Drawings

Figure 32. Oxygen Flow Field Plate (FFP) drawing view 1. Primary dimensions shown in inches.
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Figure 33. Oxygen Flow Field Plate (FFP) drawing view 2. Primary dimensions shown in inches.
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Figure 34. Oxygen Flow Field Plate (FFP) drawing view 3. Primary dimensions shown in inches.
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Figure 35. Hydrogen Flow Field Plate (FFP) drawing view 1. Primary dimensions shown in inches.
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Figure 36. Current Collector drawing view 1. Primary dimensions shown in inches.
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Appendix B – Supporting Equipment
B.1.

Gas Line Humidification Design
After completing testing of the first generation prototype, a replacement gas line

humidification system was needed to perform fuel cell experimental characterization for
the new design. We employ a common approach to the design of this supporting
equipment by developing slanted bubbler humidifiers.
The calibration procedure for relative humidity sensors is based on ASTM E10402 [54]. A saturated salt solution at a fixed temperature is used to maintain a set relative
humidity in a small chamber. A three-point calibration was performed using lithium
chloride (LiCl, CAS# 7447-41-8), potassium carbonate (K2CO3, CAS# 584-08-7), and
potassium sulfate (K2SO4, CAS# 7778-80-5) all at room temperature (20 °C). High purity
salts (99%) were purchased from Alfa Aesar (Ward Hill, MA). Estimates for required salt
mass were calculated using solubility values from the IUPAC Solubility Data Series,
Table 7 [55]. The aqueous solutions were prepared using 1 mL distilled water (~1 g) and
double the required salt mass to ensure full saturation in the event of temperature
variation. An Ohaus ExplorerPro EP214DC electronic scale was used to measure salt
mass and a Fischerbrand Finnpipette II 100-1000µm range micropipette was used to
dispense distilled water.
Table 7. Salts used in calibration procedure showing expected %RH [54] and solubility at 20 °C [55].

Salt

%RH

Solubility [g•g-1 H2O]

Lithium chloride (LiCl)

12 ± 0.3

0.8278

Potassium carbonate (K2CO3)

43.2 ± 0.4

1.096

Potassium sulfate (K2SO4)

97.6 ± 0.6

0.1105
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20 mL glass scintillation vials were used as solution chambers. A hole drilled
through the cap allowed passage of electrical connections; the connections were made to
a SIP-3 socket attached to an electrical perf-board. Upon completion of electrical
connection soldering, the cap hole was epoxied shut from both sides using Loctite Hysol
1C.
ASTM E104-02 reports that a temperature instability of ± 0.1 °C can result in as
much as ± 0.5 %RH error. As such, it was necessary to determine if the design insulation
would be sufficient to maintain vial temperature at 20 °C. Using a simplified thermal
circuit, 0.5 in thick fiberglass insulation was determined to be an acceptable choice to
maintain vial temperature at 20 °C. After sensor installation in the test environment, the
vials were allowed to equilibrate over 2 hours. Data was collected at 0.2 Hz using an
NI9215 analog input module, LabVIEW 2009, and a BK Precision 1670A DC regulated
power supply.
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